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This report was prepared as an account
INTRODUCTION
In the course of the St. Louis, Missouri, Regional Air Pollution Study (RAPS), we have collected 34,000 size-fractionated aerosol samples at ten of the regional monitoring sites. Total particulate mass and elemental compositions have been measured separately for the coarse-and fine-particle fractions, which have aerodynamic diameters above and below 2.4 vm, respectively. The results provide an unprecedented opportunity to study spatial and temporal variations of aerosol particles in a large metropolitan area, particularly those of sulfur-containing particles which are a major and growing component of the aerosol mass.
Fine airborne particulate sulfur is present in the air almost entirely in the respirable particle-size range and is therefore a threat to human health. Furthermore, it is a secondary aerosol from its gaseous S02 precursor; thus, its space and time behavior may hold much of the secret to understanding the process of atmospheric transformation, transport, and depletion of aerosols. In view of these factors, which make sulfur so important, emphasis in this paper will be on the problems associated with sulfur analysis. Preliminary data, illustrating the temporal and spatial distribution of sulfur and aerosol mass, are presented. The regional variation of particulate sulfur as related to wind direction and major stationary S02 emission sources is also examined.
METHOD
When laboratory techniques are used in the field, reliability becomes a crucial problem. The large scope of the RAPS program requires a systematic approach, with rigorous quality assurance measures applied during the compl cycle of sample collection, sample measurement, and data processing. We have chosen methods that are nondestructive, and which require no sample preparation and are easily automated for a minimum amount of operator handling.
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The urban aerosol size distribution is bimodal, with the fine (respirable) combustion-generated particles being distinct from the coarse aerosol generated by mechanical and natural processes. (Whitby, 1972 (Whitby, , 1973 In order to sample these fractions separately. we developed the automated dichotomous sampler, which uses the virtual impactor principle. (Loo. 1976) This sampler inertially separates particles according to their aerodynamic size--either above or below 2.4 vm--and collects each fraction uniformly on a separate filter. with minimum particle loss and re-entrainment. An automated flow controller including fault sensors were built into the sampler so that precise flow conditions and the timing sequence were thoroughly checked and maintained.
The filters used (1.2 vm pore size cellulose ester such as Millipore Type RAWP) have a fairly low impurity content and high filtration efficiency. The 37 mm diameter filter discs were mounted in 5 cm square plastic frames and loaded in standard photographic slide projector cartridges. The cartridges, which hold 36 slides in a linear array, were then automatically sequenced through both the sampling and the analysis equipment. Thus 9 the exact chronological order of the samples was easily maintained,
The mass deposited on the filter was measured with a beta gauge utilizing a Pm 147 source and a large-area semiconductor detector. (Goulding 9 1975) The mass difference on a typical 4,5 mg/cm 2 filter before and after particle collection could be determined to a precision of 10 vg/cm2 by using a 3D-sec counting period and making corrections for relative humidity and other systematic effects, This corresponds to an error of 2 vg/m3 in the measured atmospheric aerosol concentration for a 12-hour sample.
Elemental compositions were measured using energy-dispersive x-ray fluorescence (XRF) analysis. Concentrations of 27 elements, ranging from Al to Ba and including Hg and Pb, are routinely measured in a time of less than 5 minutes per sample. Extensive investigations and validation studies of XRF measurements have established the value of this method for the analysis of aerosol specimens, (Appel 1977 , Camp 1975 Since ambient aerosol sulfur is present overwhelmingly in -5-LBL-6171 the form of sulfates, the result of elemental sulfur measurement by XRF can be closely related to atmospheric sulfates, (Stevens, 1978) The XRF method is sensitive and specific and, when fully automated, is wel1-suited for handling a large number of samples, The nondestructive nature of the method is important from the standpoint of data validation and assessment of long-term systematic effects, (Jaklevic, 1977) Figure 1 is a block diagram of the entire sampling and analysis system. Mounted filters were labeled and beta-gauged for tare weights before they were dispatched to the RAPS sampling sites, The exposed filters were then returned to us for analytical measurements and subsequent data analysis,
SYSTEM PERFORMANCE
The success of the sampling program is illustrated by examining the reliability of the field operation, Of 34,000 samples collected in the RAPS network, 97,2% were validated, uninterrupted, synchronous samples. About 0.7% of the samples were rejected due to sampler malfunctions; 1,7% were rejected because of computer interference and ac power failures during the early months of operations; and 0.4% were excluded because of excessive loading of the filter--a problem which was largely avoided in the later phases of the study by reducing the sampling periods at the susceptible stations.
To illustrate the precision of the XRF technique, a typical St. Louis fine-aerosol sample was measured repeatedly. Table 1 lists the mean values and standard deviations of six periodic measurements over a two-month period, Results are given for all elements routinely measured, The minimum detectable limits (MOL) (Jaklevic, 1977A) (using a typical analysis time of 1,2 minutes for each of the three excitation energies employed for the analysis) are also listed for comparison. For major elements, such as sulfur and lead, where systematics dominate over counting statistics, measurements were reproducible to about 1%.
To determine the fluctuations in aerosol concentration measurement caused by the samplers, three of the units were operated side by side Table 2 for the representative elements 5, Pb, and Fe in each of the size fractions analyzed, For example, the standard deviations between the three samples of fine-particle sulfur and lead are less than 0.5% and 1.3%, respectively. illustrating the uniformity and long-term stability of the samplers.
SULFUR ANALYSIS
The importance of the sulfur measurement requires that the limitations and systematic effects associated with both sampling and analysis be fully understood. Results of the XRF analysis must be examined in detail since the analyses of light elements, such as sulfur. are known to be susceptible to systematic bias arising from x-ray attenuation effects. We discuss here four areas of possible systematic error.
As shown earlier. the precision or long-term reproducibility of the XRF spectrometer is better than 2%. The absolute accuracy of the method is well established in cases where x-ray attenuation is not significant. Calibration is normally performed either directly with gravimetrically weighed thin-film standards or indirectly through bootstrap calibrations based on laboratory generated aerosols of known elemental ratios. (Giauque. 1977) For light element calibrations. corrections must be made for x-ray attenuation. We have established the accuracy of our sulfur calibration by comparing two independent bootstrap procedures using a series of accurately measured thin-film Cu standards as the starting point. Figure 2 is an illustration of the two paths by which we arrived at our sulfur calibration. The CuS0405H20 and K 2 S0 4 specimens used were in the form of 0.3 ~m particles (generated at the Particle Technology Laboratory. University of Minnesota) deposited on the surface of 0.1 ~m pore size 
-ray Attenuation Corrections
A detailed treatment of this subject has previously been given. Here we review a few of the results.
(1) Since almost 90% of the sulfur-carrying particulates are in the fine-particle fraction, the use of the dichotomous sampler, which removes coarse-particle interference, greatly reduces the uncertainty due to absorption in individual particles (-1% for 0.3 ~m particles). (2) The attenuation correction is typically about 5% for sulfur within a layer of fine ambient particles 200 ~g/cm2 thick. This is the maximum loading of fine particles that the Millipore filter can accept without clogging. (3) Direct measurements show that particles in the range of 0.05 ~m to 1 vm diameter deposition the filter surface and do not penetrate significantly into the filter medium, Under these circumstances, the correction for sulfur x-ray attenuation by filter substrate is 3±3%, (C) Particle Migration
Our sulfur x-ray attenuation studies have shown that aerosol particles generated both in the field and in the laboratory collect almost entirely on the surface of the filter without significant penetration. However, systematic examination of a large collection of field samples reveals that, on occasion, aerosol material does migrate into a filter substrate. Figure 3 is an illustration of this problem: when all the sulfur particles reside on the front surface of a filter, the ratio of SF (the sulfur signal when the front side of the filter faces the detector) to SB (the sulfur signal when the back side of the filter faces the detector) should be in the range of 6 to 8 (depending on the thickness of the filter blank). Occasional low values of SF/SB (solid dots) occurred, indicating a significant penetration of sulfur into the filter. The observation that these rare events occur simultaneously at two sampling locations suggests that they are weather-related. However, the coarse-particle filters obtained at the same time as these anomalous samples do not have low values of SF/SB' which eliminates precipitation as the cause. The poor correlation of low SF/SB with S02 indicates that very little gaseous S02 conversion can be occurring on the filter substrate.
Low SF/S8 does seem to correlate with a combination of high humidity and high sulfur loading. Subsequent laboratory tests have shown that typical fine aerosol samples loaded with> 10 yg/cm 2 and exposed to 100% relative humidity exhibit a tendency for sulfur to migrate into the filter. Such migration is probably the result both of the hygroscopic nature of the particles and of the hydrophilic nature of the filter.
We have developed a simple correction technique for filter penetration based on measuring the front/back ratio of samples. This is now being applied to the St. Louis data.
The sulfur migration problem can be totally eliminated, if necessary, by using Teflon filters which are hydrophobic. Furthermore, the thinner Teflon filters (1 yg/cm 2 ) also lowers the detection limits for the x-ray fluorescence analysis and improves the accuracy of mass determination by beta-gauging. However, Teflon filters become clogged with only a third of the mass loading that can be accepted by Mil1ipore filters. In many applications this can be a major drawback.
(D) Spurious Sulfate Formation
It is well known that gaseous S02 may be converted to form spurious sulfate on the filter when the filter material is alkaline, (Pierson, 1977) and that Millipore filters, being nonalkaline, are fairly immune to this process. Recently, however, it was reported that as much as 40% -14-LBL-6171 spurious sulfate (produced by S02 conversion) was found an ambient aerosols collected on Millipore filters, (Lasko, 1977) In collaboration with R, K, Stevens and T, G, Dzubay of the Environmental Protection Agency (EPA), we have reinvestigated the spurious sulfate formation, Clean filters of various kinds were exposed to extreme environmental conditions (100% R,H, air at one atmosphere with 3 Torr partial pressure of S02)' As seen in Fig, 4 , the sulfur saturated on these at a relatively low level, except for the case of the glass fiber filter, It is clear that the saturation level of spurious sulfur formation on Mil1ipore filters is less than 0,5 ~m/cm2, Similar extreme exposures of field samples from the RAPS network indicate that the sulfur increase due to S02 conversion is limited to about 1,5% of the normal fine-particle load and 4% of the coarse-particle load, An experiment was recently carried out to test the spurious sulfate formation under field conditions, Two samplers, A and B, each equipped with a flow controller and an 152 cm inlet tube of 2,8 cm bore, were calibrated and used to sample side-by-side at 5 11m, One of the inlet tubes was coated with MgO to remove 50 2 from the inlet airstream, The efficiency of one of these S02 denuder tubes has been measured by EPA to be 99,5% at 50% relative humidity and at an inlet S02 level of 400 ppb, The inlet tubes were alternated between the two samplers after each sampling period of 12 or 24 hours. Fresh denuder tubes were installed after one or two days of sampling to eliminate any possible saturation effects, The parallel samples, collected on 1 ~m pore size Teflon filters (Ghia Corporation, Pleasanton, California), were then compared by XRF analysis for sulfur and lead concentrations,
The results of this experiment are summarized in Table 3 , while Fig. 5 shows the ambient S02 level during the sampling period, By periodically interchanging the tubes and by normalizing the results in terms of the lead concentrations, any asymmetries between the samplers were eliminated. No detectable spurious sulfate formation was observed in these specimens, We, therefore, have no explanation for the reported S02 conversion except that it may have occurred under a unique atmospheric condition. 
RESULTS AND DISCUSSIONS
We are now completing measurements on the RAPS aerosol samples and applying the recently-derived systematic corrections retroactively to data already in the EPA data bank. However, since substantial corrections, such as that for the sulfur migration effect, are required only for a small number of samples, we feel that some preliminary conclusions can be drawn from the present data. Figure 6 is a map of the St. Louis area showing the location of the ten sampling sites (stations 103, 105, 106, 108, 112, 115, 118, 120, 122, and 124 ) that were equipped with automated dichotomous samplers, The metropolitan area is roughly encompassed by a 15 km radius circle centered about station 112. Brief descriptions of the local environment of each station are given in Table 4 , Included in Fig, 6 are the major fixed S02 emission sources categorized according to their S02 output in kilotons per year. (Lippman, 1977) (A) Temporal and Spatial V?riations
The short-term variations of fine-particle sulfur, lead, bromine, and zinc for two-hour samples collected at Site 103 are contrasted in Fig. 7 . Salient features of the results are:
(1) The time variations of sulfur are much slower than those of lead or bromine, which generally follow diurnal traffic patterns. Sulfur also exhibits little correlation with other elements. (2) A constant lead-to-bromine ratio indicates automobile emission as the primary source of these elements. In general, our data corresponds to this situation but variations in the 'Pb/Br ratio occur on occasion. • 124
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Fig. 6 RAPS sampling station locations (numbered) and major S02 emission point sources.
-20- (4) During the sulfur episode on J days 210-212, which were plagued by ground fog and haze, zinc was nearly absent. The intimate relationship between fine-particle sulfur and total particulate mass is illustrated in Fig. 8 where their temporal variations at station 120 are delineated in parallel; Fig, 9 is a scatter plot of the same data, The correlation coefficient between sulfur and mass was calculated to be 0,92 for these samples,
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The spatial distributions of fine-particle sulfur and total aerosol mass are shown in Table 5 , where the monthly averages for all ten stations during the latter half of 1975 are tabulated. The seasonal trends are apparent. Ratios of fine-particle sulfur to mass S(F)/M(F) are seen to be fairly constant over all sampling stations~ with the average ratio for the entire region being 0.117. Typically, the sulfate mass might be three times that of elemental sulfur; therefore, sulfates constitutes -35% of the fine aerosol mass. During a smog episode in 1975 (J day 178-186), this rose to as much as 41%, The relative constancy of the sulfur-to-mass ratio can be used as a useful quick cross-check between the two independent measurements (i.e" sulfur determined by x-ray fluorescence and mass by beta-gauging). (B) Wind .Directional Spatial Variations
To better assess the impact of S02 sources on local particulate sulfur levels, the sulfur data from the last four months of 1975 have been sorted into four groups according to the predominant wind directions: north, east, south, or west. (National Weather Service Office, 1975) The values are listed in Table 6 .
For each of the four groups, the average fine-sulfur levels at various sites were compared with the level at an upwind reference stations and the ratios were calculated, Stations 108 and 118 were omitted in this comparison because they were sampled less frequently. Referring to Fig, 6 , we see that stations 122, 124, and 120, respectively, can be used as background stations when the winds are from the north, south, or west, Since there is no station located far upwind in the east, the remote station 122 was selected as a substitute background station. 1.
1.57
1.
1.39
1.18
The fact that minor S02 sources are not included in the analysis and that wind directions are divided only roughly into four quadrants makes the interpretation of the results in Table 6 rather general, However, the following features seem to emerge:
(1) The downwind stations always exhibit higher sulfur levels than the background stations showing that the city contributes a significant burden to the atmosphere. (2) As a whole, the background air masses arriving from west and north of St, Louis have about 30% lower particulate sulfur than those from the east and south. This result probably reflects the long-distance transport of sulfur from sources in the industrial east coast areas of the United States, (3) ConSidering the orientation of the sampling stations with respect to the major emission sources. we find the relative amount of sulfur increase to be consistent with the observed wind directions. For example. station 120 had the lowest sulfur level of all stations when the wind was from the west, the largest increase (56% when the wind was from the east. and moderate increases of 11% and 15% when the winds were from the north and south, respectively. These crosswind comparisons are only qualitative because of the uncertainties in comparing data sets taken for different time periods and under different conditions,
l4) The remote stations show a smaller sulfur increase than the urban stations 9 even though the remote stations are downwind from the city, For instance, station 124 shows only a 12% sulfur increase when the wind is from the north and station 122 shows only a 5% increase when the wind is from the south~ while the urban stations experience increases of more than 50% in both cases, This suggests that the effect of the emission sources (in terms of particulate sulfate) is ther short-ranged -28-or highly directional. To address this question, we examined some short-term sulfur distributions, where the effect on a distant station is less diluted by changes in wind direction that occurs in long-term averages. Table 7 shows examples of sulfur distributions averaged over six-hour periods during which wind direction and speed were known to be quite steady. The distant downwind stations now have sulfur increases comparable to those of the city stations. We therefore conclude that the emission sources have long-range (at least 40 km) and rather directional impact on their downwind environment. Note that the air mass from the north was quite clean on J day 218 (1975) ; thus, even though the sulfur levels downwind were not excessive on that date, the percentage increase was exceptionally high. (C) Aerosol Composition LBL-6171 Table 8 shows results for a number of elements for four representative stations throughout the region. Both size fractions are represented. The results given are mean concentrations over about one-month period in June/July 1975. Although the aerosol mass is almost evenly divided between the two size-fractions, nearly 90% of the sulfur is found in the fine fraction. Iron (generally a soil component) is found largely in the coarse-particle fraction. For other elements, the actual concentrations show wide spatial variations, although the percentage in each of the size-fractions is quite constant.
It is of interest to note that lead to bromine ratio in the fineparticle fraction. an indicator of the age of the automobile emission aerosol (Robbins, 1972) . is significantly higher at the rural sites than at the urban stations. However. the actual PbjBr ratios shown in Table 6 are not typical. Long-term data (4 month averages) reveal that the range of such ratios between urban and rural sites are from 3·1 to 6·1. 
CONCLUSION
The sampling and analysis system used in this study represents an integral approach to large-scale aerosol monitoring, including particle sizing, mass analysis, and elemental concentration measurements, We feel that the inherent advantages of the XRF technique have been full demonstrated in the study and that the analytical corrections required for sulfur analysis are sufficiently well defined to make the technique accurate and reproducible,
In the course of this study, we have advanced from utilizing a large computer center for complex data sorting to using a dedicated data system with a large (40M word) disc. More complete analysis of the experimental data obtained in large-scale studies will require the systematic treatment of very large data sets including visibility, meteorological, and gaseous data. The disc-based system will vastly improve the capacity to handle large volumes of data and of our ability to examine the correlation patterns.
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